Significant derepression of serine hydroxymethyltransferase is observed when metE or metF mutants of Escherichia coli K-12 are grown on D-methionine sulfoxide instead of L-methionine. The derepression is not prevented by addition of glycine, adenosine, guanosine, and thymidine to the growth medium of methionine-limited metF cells showing that the effect is not due to a secondary deficiency of these nutrients. On the other hand, methionine-limited growth of a metA mutant leads to derepression of met regulon enzymes, but only a marginal increase in serine hydroxymethyltransferase activity. A prototrophic metJ strain grown on minimal medium has about the same serine hydroxymethyltransferase as the wild type. The enzyme activity of the metJ strain is not influenced by methionine, but it is partially repressed by glycine, adenosine, guanosine, and thymidine. metK strains have about twice as much serine hydroxymethyltransferase activity as wild-type cells when grown on minimal medium; but when both types of cells are grown on medium supplemented with glycine, adenosine, guanosine, and thymidine, their enzyme activities are about the same. The results show that methionine limitation can lead to derepression of serine hydroxymethyltransferase, but that the regulatory system is different from the one which controls the methionine regulon.
Serine hydroxymethyltransferase catalyzes the cleavage of serine to glycine and NWN10-methylene tetrahydropteroylglutamates. This reaction is the major source of Cl-substituted pteridines in cells grown on minimal carbohydrate medium. The C1-substituted pteridines are intermediates in the synthesis of many cellular components including purines, thymine, and methionine. Thus, serine hydroxymethyltransferase can be thought of as the first reaction in a highly branched pathway, which is expected to be subject to a complex set of controls. The first studies on the regulation of this enzyme demonstrated slight repression when guanosine or thymidine was added to the growth medium, but showed no effect when the medium was supplemented with methionine (17) . These studies were done with a metE mutant grown on medium supplemented with 8 nM vitamin B12, which may have caused repression of the methionine-sensitive enzymes. Later, reports from Silber's laboratory (11, 15) stated that serine hydroxymethyltransferase is derepressed in a metE mutant of Escherichia coli (strain 113-3 [2] ) grown in medium with limiting amounts of methionine or vitamin B12. These workers further reported that neither methionine nor S-adenosylmethionine (SAM) inhibited the enzyme and postulated that the enzyme was repressed by methionine. More recently, several studies on the regulation of this enzyme have appeared. Meedel and Pizer (12) observed that serine hydroxymethyltransferase is derepressed in a metK strain of E. coli K-12 and have proposed that SAM is the corepressor for its regulation. On the other hand, Miller and Newman (13) have suggested that glycine is the most logical candidate for the corepressor in the control of serine hydroxymethyltransferase. Working with Salmonelkl typhimurium, Stauffer et al. (16) have observed marked derepression in cells grown on limiting levels of purines or in those grown on slightly inhibiting concentrations of trimethoprim. Among their other studies these workers repeated some of the experiments of Mansouri et al. (11) , but were unable to obtain derepression in cells of E. coli 113-3 grown on limiting methionine. Thus, as expected, the regulation of serine hydroxymethyltransferase appears to be complex, but it is not clear whether methionine plays a role in this regulation. Since the regulation of this enzyme may be important in the control of methionine biosynthesis, we have investigated the problem further and have shown that methionine-limited growth can lead to significant derepression of serine hydroxymethyltransferase.
MATERIALS AND METHODS Materials. The suppliers of chemicals were as follows: the Sigma Chemical Co., glutathionine, disodium adenosine triphosphate, and glycine; PL Biochemicals, adenosine, guanosine, thymidine and nicotinamide adenine dinucleotide, reduced form; Calbiochem, L-serine NRC grade and pyridoxal phosphate; Schwarz/Mann, L-leucine and L-methionine; General Biochemicals, tetrahydrofolic acid; Eastman Organic Chemicals, dimedon (5,5- Table 2 demonstrate that the level of serine hydroxymethyltransferase activity is affected by the availability of methionine and show that the indirect "methyl trap" mechanism cannot account for the derepression. Figures 1 and 2 show the time courses for changes in enzyme-specific activities when metE or metF strains are transferred from methionine-nonlimiting to methionine-limiting growth conditions or vice versa. In addition to serine hydroxymethyltransferase, the specific activities of two enzymes of the methionine regulon, SAM synthetase and cystathionine synthetase, were measured. To follow derepression ( Fig. 1) , cultures of MU104 and RG350 were grown on minimal medium supplemented with 2 mM L-methionine. At the beginning of the experiment the methionine-grown cells were harvested by centrifugation and resuspended in minimal medium supplemented with 1 mM D-methionine-DL-sulfoxide. The absorbance of the growing cultures were measured hourly, and samples for enzyme assay were taken as indicated. The growth of strain RG350 is appreciably slower than that of strain MU104. The reason for this difference is unknown, but it may reflect differences in the abilities of these strains to utilize D-methionine-sulfoxide. It is unlikely that the slower growth of strain RG350 is due to toxicity of D-methionine-sulfoxide since this compound has no effect on the growth or enzyme activity of its Met+ parent (strain RG175). The (17) , by high levels of glycine in E. coli (13) , and by a mixture of purines, thymine, glycine, methionine, and serine in Salmonella typhimurium (16 serine hydroxymethyltransferase observed during methionine-limited growth might result from a secondary deficiency of any of the other end products of Cl metabolism, the effect of supplementation with several of these compounds was measured. Addition of glycine, adenosine, guanosine, and thymidine to the culture medium of methionine-limited metF cells has no effect on the specific activity of SAM synthetase and causes only slight reduction (-21%) in the specific activity of serine hydroxymethyltransferase (Table 3) . Addition of 2 mM methionine to the culture medium causes a marked reduction in the activity of both enzymes, whereas the further supplementation with glycine, adenosine, guanosine, and thymidine has no effect on the SAM synthetase activity and causes a slight additional repression of serine hydroxymethyltransferase. Thus, in these methionine-limited cells, the derepres-sion of serine hydroxymethyltransferase appears to be related to the availability of methionine rather than that of the other nutrients.
The metE and metF cells are expected to accumulate precursors of the methionine carbon chain when starved for methionine because they are still able to synthesize homocysteine but not to methylate it. Since these intermediates might play a role in the regulation of serine hydroxymethyltransferase, the effect of methionine limitation on the enzyme activities of a metA strain was investigated. Table 4 shows the SAM synthetase, cystathionine synthetase, and serine hydroxymethyltransferase activities of a metA strain (AB1932), and of a transductant of AB1932 (RG175) which does not require methionine. Cells of the methionine auxotroph show marked derepression of SAM synthetase (llx) and cystathionine synthetase (34x) when grown on -methionine-sulfoxide instead of L-methionine. The differences in specific activities of these enzymes are smaller (4 to 5x) in the me- thionine constitutive mutants. It has been reported the metJ mutants of E. coli, which are derepressed for the enzymes of the methionine regulon, do not have significant elevation of serine hydroxymethyltransferase (1, 12) . Meedel and Pizer (12) further showed that methionine supplementation did not reduce enzyme activity in a metJ strain and proposed that the endogenous SAM pool of cells grown on minimal medium is large enough to fully repress the enzyme. Although we concur that the serine hydroxymethyltransferase activities of a prototropic metJ strain and its wild-type parent are the same when the cells are grown on minimal medium (Table 6 ), we find differences in response to supplementation with methionine and a mixture of glycine, adenosine, guanosine, and thymidine. Growth of wild-type cells on medium supplemented with methionine causes a small but reproducible reduction in the activity of serine hydroxymethyltransferase, whereas supplementation of the growth medium with glycine, adenosine, guanosine, and thymidine causes, if anything, a slight increase in enzyme activity. Cells grown on a mixture of these supplements show a marked reduction in enzyme activity indicating cooperative interaction between methionine and one or more of the other supplements in repression of serine hydroxymethyltransferase. On the other hand, the enzyme activity of metJ cells is slightly repressed by growth on medium supplemented with glycine, adenosine, guanosine, and thymidine, whereas methionine has no effect either when added alone or together with the other supplements. The failure of metJ cells to respond to methionine supplementation may simply reflect maximum repression by the endogenous pools of methionine and its metabolites in minimal-grown cells, but it should be noted that metJ cells grown on the mixture of supplements have a significantly higher level of serine hydroxymethyltransferase activity than wildtype cells grown on the same medium. This difference, which is also observed in cells grown on complete medium (LB broth), suggests that metJ may have some effect on serine hydroxymethyltransferase regulation.
Meedel and Pizer (12) also reported that a metK strain had twice the serine hydroxymethyltransferase activity of its wild-type parent that could not be repressed by addition of methionine. We have repeated this experiment and have investigated the effect of supplementation with a mixture of glycine, adenosine, guanosine, and thymidine on enzyme activity. Since the SAM synthetase activity of RG62 is so low, cystathionine synthetase was assayed to follow repression of the methionine regulon.
Although the absolute values of serine hydroxymethyltransferase activities are higher than those of Meedel and Pizer (12), we confirm that the activity of this enzyme is about twice as high in the metK strain as in its wild-type parent, and that methionine supplementation has little effect on the enzyme activity of the metK strain (Table 7) . Supplementation with glycine, adenosine, guanosine, and thymidine has a markedly different effect on the two strains. These supplements have no effect on the wild-type strain, whereas in the metK strain they cause a reduction of serine hydroxymethyl- transferase activity to a value near that of the wild-type strain and an elevation of cystathionine synthetase activity. The increase in cystathionine synthetase is variable from experiment to experiment and is highest in cells which show a noticeable decrease in growth rate before harvest. Thus, this derepression may be secondary to the reduction in the serine hydroxymethyltransferase activity which might slow the rate of methionine synthesis and lower the pools of SAM and its metabolites. As before, addition of methionine along with the other supplements causes a further reduction of the serine hydroxymethyltransferase activity of wild-type cells. In contrast, metK cells grown on medium supplemented with glycine, adenosine, guanosine, thymidine, and methionine have essentially the same serine hydroxymethyltransferase activity as those grown on medium lacking methionine, although the methionine supplementation does cause a marked reduction in cystathionine synthetase. The clear differences in response of serine hydroxymethyltransferase and an enzyme of the methionine regulon, cystathionine synthetase, to different nutritional conditions suggests that the systems which control synthesis of the two enzymes are reacting to the concentrations of different metabolites.
Growth of two of our metK strains on medium supplemented with leucine results in an elevation of SAM synthetase with concomitant partial repression of the met regulon enzymes (5) . Thus, we investigated the effect of leucine supplementation on the serine hydroxymethyltransferase activity of these strains ( Table 8) . Addition of leucine to the growth medium of the a Cells were grown on minimal dextrose medium supplemented as indicated with L-methionine (met), 2 mM; glycine (gly), 2 mM; adenosine (ade), 0.2 mM; guanosine (gua), 0.2 mM; thymidine (thy), 0.2 mM. Cells were harvested in log phase at densities between 1.2 and 1.8 mg/ml. " Enzyme activities are expressed in nanomoles/minute x milligram of protein. The further addition of L-methionine or of a mixture of glycine, adenosine, guanosine, and thymidine has little, if any, effect on the enzyme activities. But, addition of all the supplements to the growth media does cause a further reduction in the activities of both enzymes, although the levels of both are appreciably higher than is seen in wild-type cells grown on the same medium. The observation that serine hydroxymethyltransferase is elevated in two independently isolated metK strains and that its activity is lowered by growth in leucine-supplemented medium, which is known to partially alleviate the abnormalities of these metK alleles, suggests that the elevation in serine hydroxymethyltransferase is a result of mutation of the metK locus rather than another fortuitous mutation. If this is so, then these metK mutations must give rise to secondary metabolic abnormalities since the previous data indicates that serine hydroxymethyltransferase is not regulated by the same system that controls the enzymes of the methionine regulon. DISCUSSION Mansouri et al. (11) reported that serine hydroxymethyltransferase was derepressed when a metE mutant of E. coli (strain 113-3) was grown on limiting methionine or limiting vitamin B12. These workers presented a simple model in which the regulatory system responded directly to the intracellular concentration of methionine. Some of these experiments have been repeated by Stauffer et al. (16) , who were unable to demonstrate derepression of serine hydroxymethyltransferase when E. coli 113-3 was grown on limiting methionine. Working with metE strains of E. coli K-12 instead of strain 113-3, we could not obtain significant derepression of the enzyme by growth on the same low concentrations of methionine used by the other workers. This is not surprising since we seldom obtain very great derepression of met regulon enzymes by growing cells to methionine exhaustion of the medium. The response of cells to depletion of an amino acid is a function of several parameters which determine whether the cell has the capacity to synthesize significant amounts of protein after the concentration of corepressor has fallen to a sufficiently low value to trigger derepression. We therefore cultured the metE strains on medium supplemented with D-methionine-sulfoxide which was previously shown to allow sustained methionine-limited growth with resultant derepression of the met regulon enzymes (4) . The serine hydroxymethyltransferase activity of the cells grown under these conditions were two to three times higher than those grown on methioninesupplemented medium. These results support the findings of Mansouri et al. (11) that methionine limitation leads to derepression of serine hydroxymethyltransferase, but offer no information on the directness of the methionine involvement. Since metE strains, which cannot transfer the methyl group from 5-methyltetrahydropteroylpolyglutamate to homocysteine in the absence of vitamin B12, were used in these experiments, two indirect mechanisms come immediately to mind. The first is the methyl trap which was postulated to explain the folate deficiency produced by a primary deficiency of vitamin B12 in animals (14) . In E. coli K-12 metF is part of the methionine regulon (9, 10, 12, 17, 19) , so methionine-limited cells will have elevated levels of N'N10-methylene tetrahydrofolate reductase. Because there are no known inhibitory controls on this enzyme (11) , an increase in its activity could lead to accumulation of N5-methyl tetrahydropteroylpolyglutamate with concomitant depletion of the other forms of the coenzyme. If such a deficiency occurred, it could signal the derepression of glyA (serine hydroxymethyltransferase). Such a mechanism cannot operate in metF cells which are not able to trap tetrahydropteroylpolyglutamate as its N5-methyl derivative since they lack N5N"0-methylene tetrahydrofolate reductase.
The observation that methionine-limited metF strains have higher levels of serine hydroxymethyltransferase than the metE strains indicates that the methyl trap cannot account for the derepression. The second obvious indirect mechanism is induction of serine hydroxymethyltransferase by homocysteine or its precursors which would be expected to accumulate during methionine-limited growth of metE or metF cells. The relatively small elevation of serine hydroxymethyltransferase seen in metA cells grown under conditions which cause extensive derepression of the methionine regulon is consistent with such an induction model. However, the observation that methionine-limited growth causes significant derepression of serine hydroxymethyltransferase in metA metF double mutants show that the postulated induction is not the primary regulatory mechanism. Because previous results of other workers had implicated several metabolites such as purines, thymine, and glycine in repression of the enzyme (13, 16, 17) , we tested the effect of a mixture of glycine, adenosine, guanosine, and thymidine on the serine hydroxymethyltransferase activity of methionine-limited metF cells. The observation that the enzyme activity is not influenced by this mixture of supplements suggests that the dereprAssion is not secondary to a deficiency of these metabolites. Although the elevation of serine hydroxymethyltransferase observed in these experiments is better correlated with the degree of methionine deficiency than that of the other easily dispensable metabolites, several results show that the regulatory system is different from the one that controls the genes of the met regulon. First, a metJ strain which is constitutive for the enzymes of the met regulon does not have an elevated level of serine hydroxymethyltransferase; and although growth on methionine-containing medium does not lower enzyme activity in this strain, the enzyme is partially repressed in cells grown on medium supplemented with glycine, adenosine, guanosine, and thymidine. Second, methionine-limited growth causes much greater derepression of serine hydroxymethyltransferase in metF cells than in metA cells even though both strains show comparable elevation of methionine regulon enzymes. Third, metK strains are derepressed for serine hydroxymethyltransferase when grown on minimal medium, but cells grown on medium supplemented with glycine, adenosine, guanosine, and thymidine have a reduced level of serine hydroxymethyltransferase while showing an increased level of cystathionine synthetase. In addition to showing that a functional metJ gene product is not essential for at least partial repressibility of serine hydroxymethyltransferase, the differences in derepression of metA and metF cells, as well as the effect of glycine, adenosine, guanosine, and thymidine supplementation in metK cells, suggest that the control system for serine hydroxymethyltransferase is responding to different corepressor(s) than the met regulatory system. Thus it seems probable that the greater part of the observed methionine effect is indirect, and that changes in the methionine pool cause changes in the concentration of one or more metabolites which subsequently influence the rate of serine hydroxymethyltransferase synthesis. The results presented here tend to rule out 5-methyl-tetrahydropteroylglutamates (similar derepression in metE and metF strains), intermediates in homocysteine biosynthesis (derepression of metA metF double mutants), and SAM (behavior of metK strain) as candidates for a single effector, although any of them might act in concert with other metabolites. The observation that the lowest levels of serine hydroxymethyltransferase are obtained in cells grown on appropriate 'mixtures of supplements (13, 16, 17; 
